Abstract Bio-effects of survival and etching damage on cell surface and DNA strand breaks were investigated in the yeast saccharomyces cerevisiae after exposure by nitrogen ion with an energy below 40 keV. The result showed that 16% of trehalose provided definite protection for cells against vacuum stress compared with glycerol. In contrast to vacuum control, significant morphological damage and DNA strand breaks were observed, in yeast cells bombarded with low-energy nitrogen, by scanning electron microscopy (SEM) and terminal deoxynucleotidyl transferasemediated dUTP nick end labeling (TUNEL) immunofluorescence assays. Moreover, PI (propidium iodide) fluorescent staining indicated that cell integrity could be destroyed by ion irradiation. Cell damage eventually affected cell viability and free radicals were involved in cell damage as shown by DMSO (dimethyl sulfoxide) rescue experiment. Our primary experiments demonstrated that yeast cells can be used as an optional experimental model to study the biological effects of low energy ions and be applied to further investigate the mechanism(s) underlying the bio-effects of eukaryotic cells.
Introduction
Low energy ions are generated in nature from cosmic ray air showers, thunders, lighting and so on. The discovery of bio-effects by implantation of low energy ions into biological organisms opens a special branch in the field of ion beam application in life sciences [1, 2] . Investigations have focused on bio-effects by an irradiation of ions with energy below 50 keV in a wide range of bio-samples, including plant dry seeds, bacteria and animals [3∼5] . Moreover, ion beam mutation technology has been widely used to breed microbes [1] . It is important to choose optical microbe models to understand the mechanism(s) under bio-effects on microbes. The yeast saccharomyces cerevisiae (s.cerevisiae) has been used as an optional experimental model to study the biological effects of eukaryotic cells. In this paper the effects of low-energy nitrogen ion beams on yeast cells, including cell survival and etching damage on cell surface and DNA strand breaks, are investigated. The role of free radicals in cell damage is also elucidated.
Materials and methods

Yeast strains, culture and viability
The wild-type s.cerevisiae strain S.C-39 was provided by Dr. ZHANG Berun (Institute of Microbiology, CAS). Overnight cultures were grown in a shaker at 30 o C in YPD medium consisting of 1% yeast extract, 2% Bacto-peptone, and 2% dextrose. Once the optical density (600 nm) reached 1.0 to 1.5, the cultures were prepared for treatment. For growth on YPD plates, cells were incubated at 30 o C. Cell viability was defined by colony growth at 30 o C on plates counted after at least 48 hours.
Sample preparation
Ions were generated under a high vacuum, at least in a vacuum pressure of 10 −2 Pa, and samples were desiccated prior to ion-implantation. Samples had to endure the vacuum stress. D(+)-trehalose was dissolved in suitable PBS (phosphate buffered saline), and then sterile filtered using a 0.22-micron filter. Glycerol was diluted in PBS and autoclaved at 121 o C for 15 minutes. The log-phase yeast cells were harvested by centrifugation at 400×g and resuspended at different concentrations of trehalose, glycerol alone, or mixture of trehalose and glycerol. Cells were incubated in above-mentioned solutions for some time, plated on the glass dishes for natural drying at room temperature, and exposed to vacuum stress and nitrogen ion bombardment.
Ion beam facility
The low-energy ion beam bioengineering facility (LE-IBBF) was developed for ion bombardment on biologi-cal materials including plants, animals and microbes [6] . Vacuum in the LE-IBBF target chamber could be controlled to 10 −3 Pa to 10 −4 Pa. The prepared samples were placed in the small vacuum chamber and prepumped until the isolating valve was opened before ion beams were directed onto the yeast cells.
Propidium iodide (PI) evaluation of
cell membrane integrity by flow cytometry PI intercalates into double-stranded nucleic acids. It is excluded by cell-membrane intact yeast but can penetrate cell membranes of dying or dead cells [7] . PI double staining was performed by addition of 100 µL of 20 µg/mL PI to cell suspension at room temperature for 10 min. The fluorescent intensity was detected in the FL2 channel of a FACS (fluorescence-activated cell sorting) Calibur flow cytometer (Becton Dickinson, USA). 50,000 cells of samples were analyzed at a low flow rate using FSC (forward scatter) and SSC (sidewards scatter). Data acquisition and analysis were performed using CELL Quest software.
Yeast cells prepared for scanning electron microscopy (SEM)
Following ion irradiation, yeast cells were fixed by 0.5% glutaradehyde for 30 min, rinsed twice with PBS, bound to cover slides pre-treated with 1 mg/mL poly-L-lysine, after natural drying, gold-coated and then examined under SEM at 20 kV.
Terminal deoxynucleotidyl transferasemediated dUTP nick end labeling (TUNEL) assay
TUNEL assay is a method to detect DNA fragmentation by labeling free 3'-OH terminal end of nucleic acids with FITC (fluorescein isothiocyanate)-labeled deoxyuridine [8, 9] . After exposure to ion irradiation and incubation in PBS, yeast cells were fixed with 3.7% polyformaldehyde at 20 o C for 60 min and washed twice. Cell-wall was digested by a lyticase Quantazyme ylg TM (50 µg/mL at 37 o C for 30 min, Q-bio gene), and applied to a polylysine-coated slide. The slides were washed with PBS, incubated in permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate) on ice for 2 min, rinsed twice, incubated with 10 µL TUNEL reaction mixture (200 U/mL terminal deoxynuleotidyl transferase, 1 mM FITC-labeled dUTP, 25 mM Tris/HCl, 200 mM sodium cacodylate, 5 mM cobalt chloride; "In Situ Cell Death Detection Kit, Fluorescein", Roche Co., USA) at 37 o C for 60 min. The cells were washed with PBS and examined using Olympus 1X71 fluorescence microscopy with a CCD (charge-coupled device) recorder.
Statistical analysis
Evaluation of all the data was performed at least three times in independent experiments. Statistical analysis was carried out by a one-way analysis of variance (ANOVA) followed by 2-tailed student's test.
Results
3.1 Cell viability after exposure to vacuum stress with cryoprotective agents added
As ions were generated under a high vacuum condition, with a vacuum pressure below 10 −2 Pa, the samples needed to be desiccated and had to withstand vacuum stress. We first detected the protective effects of glycerol and trehalose on anti-vacuum stress of the yeast with or without glycerol and/or trehalose. The effect of increase in trehalose and glycerol concentrations added to the yeast suspension (in PBS) was detected after vacuum exposure, as shown in Fig. 1 . The result showed that, with 16% trehalose, cells exhibited significantly better viability (41.38 ± 4.44%) and a higher capacity against vacuum stress, compared with other treated groups. 
Cell membrane damage induced by ion bombardment
The yeast cell membrane represents the principal selective barrier which isolates the cell from its environment and is an important marker of cell viability. The integrity of cell membrane is evaluated by PI fluorescent staining [7] . PI staining was evaluated for 30 min after an exposure by nitrogen ions in 15 keV, as shown in Fig. 2(a) . In Fig. 2(b) it is shown that the PI staining positive rate increased with ion irradiation by flow cytometry. PI staining indicated that cells were damaged significantly by ion bombardment with or without cryoprotective agents. 
Surface morphological damage by ion beam etched yeast with SEM
The cell wall is essential for maintenance of cell homeostasis and the survival of yeast. Damage and physical changes to yeast surface were observed upon ion bombardment as shown by SEM photographs in Fig. 3 . In contrast to control groups, etching damage, holes, grooves and so on, on cell surface was detected and the degree of damage increased with ion fluence, in Fig. 3(c) ∼(e), or ion energy, in Fig. 3(d) and (f). Such damage may be fatal for yeast cells.
DNA fragmentation induced by ion bombardment
As shown in Fig. 4 , yeast cell exposure to ionbombardment with an energy of 15 keV and a dose of 4.0×10 14 ions/cm 2 induced breaks in DNA strand as determined by TUNEL staining.
A strong TUNEL-positive reaction was observed in Dnase treated yeast and shown in Fig. 4(a) . In contrast to control cells that were only exposed to vacuum stress, shown in Fig. 4(b) , DNA fragmentation was clearly observed at a higher level induced by ion irradiation, as shown in Fig. 4(c) . 
DMSO rescued the survival of yeast exposure to ion irradiation
To further investigate the mechanism underlying DNA damage due to ion irradiation, yeast cells were incubated in 0.6% DMSO, a free radical scavenger, for one hour and then exposed to low-energy ions. The result showed that DMSO treatment significantly enhanced cell survival (p <0.05), as shown in Fig. 5 , and that ROS (reactive oxygen species) induced by ion irradiation might be involved in the exposure damage. 
Discussion
Exposed to high vacuum condition, organisms have to tolerate desiccation. It is well known that yeast cells survive in environmental stresses such as desiccation and freezing, and there is an evidence that these phenomena may be related to the presence of trehalose in the cells [10] . Even without any cryoprotective agent added, the survival rate of yeast cells in vacuum exposure, as detected in our study, might be related to this. Trehalose is known as a crucial defense mechanism that stabilizes proteins and biological membranes under a variety of stress conditions [11] . Moreover, we compared the effects of glycerol and trehalose treatment on protecting yeast cells against vacuum stress. However, Caenorhabditis elegans, a model animal, is normally viable under vacuum exposure with glycerol added, not trehalose [6] . Low-energy ion irradiation is characterized by not only energy exchange processes but also mass deposition and change transfer processes [1] . Ionbombardment often causes morphological and genetic damage in organisms in direct and indirect manners. In this study, direct damage in the morphology of irradiated yeast cells was observed by SEM, as shown in Fig. 3 . The damage could destroy the integrity of cell wall and increase the permeability of cell membrane in yeast cells as detected by PI fluorescent staining, shown in Fig. 2 . Moreover, all ionizing radiation modalities (protons, heavy ions, electrons, χ-and γ-rays) cause severe genotoxic, mutagenic, and carcinogenic lesions in DNA, including single-and double-strand breaks, base damage, and clustered damage [12, 13] . In contrast to vacuum control, DNA strand break was also observed after irradiation by keV nitrogen ion through TUNEL assay, as shown in Fig. 4 . The production of free radicals by irradiated cells may be an expression of this injury through DMSO rescue assay in our study shown in Fig. 5 and other investigations [14, 15] . The morphological and genetic damage can reduce survival of yeast cell. Taken together, the yeast s.cerevisiae can be used as an optional experimental model to study biological effects and investigate the mechanism underlying the bio-effects of eukaryotic cells.
